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In biological systems, change in the conformation of 
photosensitive molecules embedded in membranes, such as 
rhodopsin, phytochrome, etc., play important physiological roles.1 
Many studies have been conducted to prepare artificial 
photosensitive vesicles, which is also expected to be applied for 
drug delivery2, and have reported changes in the permeability of 
ions and/or water-soluble compounds across the membrane upon 
photo-isomerization.3 In these studies, small vesicles (~100 nm) 
have frequently been used, which implies that the direct 
observation of morphological change in individual vesicles is 
impossible. Unfortunately, these small vesicles are usually 
unstable due to their high curvature and undergo spontaneous 
changes such as fusion, breakdown, and aggregation even in the 
absence of external stimuli. In contrast, cell-sized vesicles (≥  10 
μm) are rather stable and can be used as a suitable model system 
for observing transformational processes4 and biochemical 
reactions inside them5 in real-time. Along these lines, it has 
recently been found that transmembrane protein activity 
influences the membrane tension in a cell-sized vesicular system.6  
 
Chart 1. Chemical formula of KAON12. 
In this study, we designed and synthesized a photosensitive 
amphiphilic molecule containing azobenzene (KAON12)7; the 
conformation (trans or cis) of this molecule can be switched by 
light (Chart 1). We prepared cell-sized vesicles with this 
photosensitive molecule together with phospholipid, and observed 
changes in its morphology by phase-contrast microscopy. Figure 
1A shows the effect of photo-irradiation on a spherical vesicle. To 
clarify the difference in fluctuation behavior between isomers, 
changes in the radius and its distribution were measured (Fig. 1C), 
where we defined the radius along the contour r(θ) and the angle 
θ as in Fig. 1B. Much greater fluctuation is observed after UV 
treatment than after VIS (Visible light) treatment, indicating that 
a vesicle with a cis-azo conformation exhibits surplus membrane 
area to encapsulate the inner aqueous solution. In contrast, the 
small fluctuation on the periphery of the vesicle suggests that the 
membrane area just fits the spherical surface of the inner liquid 
phase. Figure 2A shows the results of the photo-irradiation on an 
asymmetrical vesicle, which is spontaneously formed through 
natural swelling of the lipid film. After UV irradiation, the vesicle 
exhibits budding. Interestingly, the budded vesicle transforms 
back to the original ellipsoidal shape upon treatment with green 
light. This reversible change in morphology is observed more 
than ten times (Fig. 2B). While the pathway of the transformation 
varies somewhat between the forward and reverse processes, the 
switching between the two stable states is reversible. Thus, under 
UV irradiation, an asymmetric deformed vesicle undergoes a 
budding transition, whereas a symmetrical sphere vesicle exhibits 
enhanced fluctuation without any significant morphological 
change.  
Figure 1. A: Phase-contrast images of the difference in the fluctuation 
behavior between trans and cis-azo vesicles at 1-second intervals. B: 
Schematic representation of the difference in membrane fluctuation. C: 
Spatial fluctuation in the radius around the contour together with its 
distribution profile. 
We measured Π-A curves of a langmuir monolayer with a 
trans-azo or cis-azo conformation in the same concentration ratio 
as in the microscopic observation [see Supporting Information]. 
The surface area per molecule in the cis-azo form is greater than 
that in the trans-azo form at the same pressure. The lateral 
pressure in the lipid bilayer is normally 30~40 mN/m.8 Under this 
pressure, the difference in surface membrane area between the 
trans and cis form is estimated to be around 11 percent. 
 Figure 2. A: Photo-induced reversible ellipsoid-bud transition in a cell-
sized vesicle. 1) – 4) show the transformation from ellipsoid to bud 
induced by UV light. The time after starting UV-irradiation is 1) just 
before light exposure 2) 0.33 s, 3) 1.3 s, and 4) 1.7 s. 5) – 8) show the 
reverse process from bud to ellipsoid induced by irradiation with green 
light. The time after green-illumination is 5) just before irradiation, 6) 0.27 
s, 7) 0.80 s, and 8) 3.9 s. B: Repetitive photo-switching of the morphology. 
The time development of the neck length on the buckled part in ellipsoid-
bud transformation is shown. 
Next, we discuss the mechanism of morphological switching in 
vesicles. The measurement of Π-A confirmed that the effective 
cross-section of the photosensitive molecule changes between the 
trans and cis-azo forms. With reference to a report on water 
permeability through a phospholipids bilayer membrane9, the 
change in volume during transformation over several seconds is 
estimated to be ΔV/V < 10-8. The volume change is negligible 
compared to the photo-induced change in surface area on the 
time-scale in our observation.10 Thus, the morphological change 
in Fig. 1 can be attributed to the change in surface area between 
the isomers. Starting from a spherical vesicle, an increase in 
surface area causes a large fluctuation without any apparent 
morphological transition. In such a symmetric vesicle, the 
membrane area adjusts to the surface area in the spherical water 
phase. With UV irradiation, the increased area is obliged to 
exhibit large fluctuation as in Fig. 1A, and the symmetrical shape 
is preserved without budding. In contrast, an asymmetric vesicle 
already has enough area for thermal fluctuation, and excess 
fluctuating area requires much more free energy. The extra area in 
an asymmetric vesicle is exposed in the budding transition to 
prevent such an unstable state. The birth of a small bud is induced 
by an increase in surface area in the encapsulated water phase, 
since the area of the small budded part is approximately equal to 
the area of photo-induced expansion [see Supporting Information]. 
The budded small vesicle is connected to the mother vesicle by a 
thin phospholipid tube. With visible light, a decrease in the 
membrane area induces the absorption of the budded vesicle into 
a single large vesicle. The pathway of the morphological change 
observed in the present study corresponds to a previous 
theoretical study on the phase diagram, where the control 
parameter was temperature instead of a photo-induced change11. 
When the vesicle was some other asymmetrical shape, we also 
observed several types of transformation: stomatocyte(trans)-
prolate(cis) and tubular(trans)-pearling(cis).12 Again, the initial 
morphology deformed from the spherical symmetry exhibits a 
unique shape change. Recently, photoinduced reversible 
deformations on the assemblies composed of azo compounds 
have also been reported in the cases of Langmuir-Blodgett film13, 
colloids14 and micelles15. 
In conclusion, we have demonstrated that the photo-
isomerization of constituent molecules can switch the 
morphology when a vesicle exhibits suitable asymmetry. The 
mechanism of the transformation can be understood in terms of 
the change in effective cross-sectional area of the photosensitive 
molecule. The present results may have profound implications 
and could lead to new ways to control large-scale changes in 
vesicles using light. 
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Experimental procedures 
Cell-sized vesicles were prepared from dioleoyl-phosphatidylcholine (DOPC) (Wako, Japan) and 
a synthesized photosensitive lipid (KAON12) through natural swelling1 or electroformation2, where the 
lipid film was swollen with distilled water ([KAON12]/[DOPC] = 60 μM/100 μM). No apparent difference 
in the photo-induced effect was noted between these two different methods of preparation. Ten μL of the 
vesicle solution was placed on a glass slip, covered with another smaller slip at a spacing of 50 μm, and 
sealed. We observed the vesicles with a phase-contrast microscope (Nikon TE-300, Japan), and irradiated 
them through a dichroic mirror unit, UV (365 nm) and green (546 nm), with an extra-high pressure mercury 
lamp (100 W) for photo-isomerization. The images were recorded on digital videotape at 30 frames/s. 
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S2 
Langmuir monolayer 
Lipids were dissolved in chloroform/benzene=1/9 to obtain a [KAON12]/[DOPC] = 3/5 solution, 
which was the same as the ratio in the microscopic observation. A drop of the solution was spread onto pure 
water contained in a Teflon trough (Kyowa, Japan), and Π-A curves were measured with each isomer (Fig. 
SI-1). Isomerization into the cis conformer was achieved by irradiating the lipid-dissolved organic solvent 
in a test tube with a UV illuminator (365 nm, 8 W: UVP, USA) for 15 min. 
 
 
 
 
Figure SI-1. Π-A curves of a Langmuir monolayer in trans and cis-azo conditions. 
S3 
Absorbance 
Absorption spectra of vesicles were measured using a spectrometer U-3210 (Hitachi, Japan) at 
24 °C. A vesicle solution ([KAON12]/[DOPC] = 30 μM/50 μM) was added to a two-plane transparent 
quartz cell, and photo-isomerization was caused by direct irradiation through a dichroic mirror unit, UV 
(365 nm) and green (546 nm), of a fluorescent microscope (Olympus IX-70, Japan) with an extra-high 
pressure mercury lamp (100 W). 
Figure SI-2 shows the change in the absorption spectra in vesicles upon photo-irradiation. We 
irradiated all trans-azo vesicles with UV light at spectrum (a) for 30 min, and then the spectrum shifted to 
(b), where trans/cis = 17/83. Furthermore, 30 min of green-illumination restored the ratio to (c) trans/cis = 
79/21. Afterward, this cycle was repeated one more time at (d) trans/cis = 17/83 after UV and (e) trans/cis = 
80/20 after green. This confirms that it is possible to reversibly control the structure of the photosensitive 
molecule inside vesicles by light. 
 
 
 
 
Figure SI-2. Absorption spectra of KAON12. The spectrum (a) in an all-trans vesicle was shifted to (b) 
after 30 min of UV-irradiation. Thirty min of green-illumination gave (c), 30 min of UV-illumination led to 
(d), and 30 additional min of green-illumination gave (e). The ratio of trans/cis is estimated to be (a) 100/0, 
(b) 17/83, (c) 79/21, (d) 17/83, and (e) 80/20. 
 
S4 
Change in surface area during the budding transition 
We will analyze the change in surface area in the ellipsoid-bud transition in Fig. 2A. For 
simplicity, we assume the shape of an ellipsoid vesicle and a spherical vesicle with a bud as in Fig. SI-3, by 
defining the variables r, R and l. The length l is obtained under the condition of volume conservation. 
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The difference in surface area between the ellipsoid and bud shapes is expressed as 
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If R>>r, equation (2) leads to 24 rS π≅Δ . Thus, the ratio of the surface area shift can be represented as 
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Substituting r/R~1/3 from the microscopic observations in Fig. 2A into equation (3), the photo-induced 
change in surface area is estimated to be ~ 0.1, which corresponds well to the result in the Π-A 
measurements (Fig. SI-1). 
 
 
 
 
 
Figure SI-3 Schematic representation of ellipsoid and budding spherical vesicles, corresponding to the 
experimental observation in Fig. 2A. 
 
